[1] We present high-resolution records of upper ocean temperatures derived from Mg/Ca ratios of surfacedwelling Globigerina bulloides and subsurface-dwelling Neogloboquadrina pachyderma sinistral and the relative abundance of N. pachyderma sinistral for the period 55-8 ka BP from NE Atlantic sediment core MD01-2461. Millennial-scale temporal variability and longer-term trends in these records enable us to develop a detailed picture of past ocean conditions such as a weakening of thermocline intensity from marine isotope stage 3 (MIS 3) to the last glacial maximum (LGM). The correspondence of all temperature proxies and convergence of paired oxygen isotope (d 18 O) records from both planktonic species implies a breakdown in the thermocline and year-round mixing of the upper water column through the LGM, perhaps related to decreasing insolation and additional cooling in association with the expansion of the circum-North Atlantic ice sheets. Millennialscale divergence in surface and subsurface temperatures and d
Introduction
[2] To date, reconstructions of surface-ocean conditions for the glacial North Atlantic are largely based on planktonic foraminiferal census counts, with sea surface temperature (SST) estimated from the transfer function technique (TFT [Imbrie and Kipp, 1971] ) or the modern analog technique (MAT [Prell, 1985] ), forming the most comprehensive picture of last glacial maximum (LGM) conditions (CLIMAP Project Members [1981] and GLAMAP 2000 [Pflaumann et al., 2003] ). With the advent of temperaturesensitive organic biomarkers and trace metal ratios in foraminiferal shells as tools to infer paleo-SST, a reassessment of the CLIMAP reconstruction of LGM conditions using a multiproxy approach is now possible [Mix et al., 2001; Kucera et al., 2005 , de Vernal et al., 2006 . SST estimates derived from multiple proxy approaches yield differing results [e.g., Nürnberg et al., 2000; Bard, 2001; Kandiano et al., 2004] highlighting the need for a fuller understanding of the parameters and processes that determine the linking of the SST paleoproxy with ambient temperature, e.g., habitat depth, growth season and preferred temperature range of the particular organism that serves as the signal carrier. Paired, multiproxy SST records from the same sediment core in conjunction with paired planktonic d
18 O records have the potential to better characterize surface ocean conditions, for example seasonal variability of temperature and upper water column stratification [Barker et al., 2005] provided the proxy-temperature relationship is well constrained. Finally, numerical climate and inverse proxy modeling relies on accurate paleo-SST reconstructions in order to test and refine the predictive skills of the models [e.g., Schäfer-Neth and Paul, 2004] .
[3] Here we present high-resolution multispecies planktonic foraminiferal Mg/Ca and d
18 O records as a means of determining absolute surface and subsurface temperatures from the NE Atlantic between 55 and 25 ka BP. These data extend the 25-8 ka BP paleoenvironmental records for site MD01-2461 reported by Peck et al. [2006] allowing upper ocean conditions to be assessed over the interval 55-8 ka BP. We compare the Mg/Ca-derived temperature records with the relative abundance of the polar planktonic foraminiferal species Neogloboquadrina pachyderma sinistral, a proxy for the relative contribution of polar water masses and a primary driver of TFT and MAT based SST estimates at high latitude [e.g., Maslin et al., 1995; Madureira et al., 1997; Kandiano and Bauch, 2003] . Coupled with records of ice sheet instability from the same core, we interpret the environmental conditions that these two proxy approaches recorded during the last glacial.
Material and Methods
[4] Sediment core MD01-2461 was recovered from the northwestern flank of the Porcupine Seabight (51°45 0 N, 12°55 0 W) in a water depth of 1153 m (Figure 1 ). Chronology of MD01-2461 is based on 25 14 C AMS dates calibrated to calendar years before present (years BP) using CALIB 5.0.1 (with MARINE04) and the subsequent fine tuning of the abundance record of N. pachyderma sinistral to the GISP2 d 18 O ice record [Peck et al., 2007] (Figures 2a and 2b) . Correlation between the two records is robust over their total length (1.2 -9.5 m core depth, 8 -55 ka BP) to within r = 0.70, increasing to r = 0.84 between 25 and 8 ka BP as temporal resolution in the marine record increases across the LGM and the last deglacial.
[5] Fine-scale records of ice rafted debris (IRD) provenance and flux (grains > 150 mm cm À2 ka À1 ) from MD01-2462 [Peck et al., 2006 [Peck et al., , 2007 detail the history of growth and variability of the NW European ice sheets (NWEIS, comprising the British, Icelandic and Fennoscandian ice sheets), and the Heinrich (H) events [Heinrich, 1988; Broecker, 1994] defined by the catastrophic collapse of the Laurentide ice sheet (LIS).
[6] Upper water column conditions are determined through paired Mg/Ca and d
18 O analysis of surfacedwelling Globigerina bulloides and subsurface-dwelling N. pachyderma sinsitral.
[7] G. bulloides today calcifies in the upper 60 m of the water column [e.g., Schiebel et al., 1997] ; within this paper we assume that Mg/Ca and stable isotope values are representative of a mean calcification depth of 30 m [cf. Barker and Elderfield, 2002] and a preferred summer growth season centered on July [Hillaire-Marcel and Bilodeau, 2000; Peck et al., 2006] . N. pachyderma sinistral inhabit a broad range of water depths. Juvenile forms occupy relatively shallow waters ($50 to 80 m) and migrate to 500-600 m depth during ontogeny, spending much of their lives within the pycnocline [Carstens et al., 1997; Bauch et al., 1997; Hillaire-Marcel and Bilodeau, 2000] . We assume a mean calcification depth for N. pachyderma sinistral of $150 m, reflecting the depth of peak N. pachyderma sinistral concentrations in modern subpolar waters [Kohfeld et al., 1996; Carstens et al., 1997; Volkmann, 2000; Simstich et al., 2003] . Below the thermocline there is little seasonal variability of water temperatures, such that oxygen isotope and Mg/Ca values derived from N. pachyderma sinistral are likely to reflect mean annual subsurface conditions at $150 m [cf. Nürnberg, 1995] .
Trace Element and Stable Isotope Analysis
[8] For paired stable isotope and Mg/Ca analysis of both planktonic species, 50 specimens were selected wherever possible, with the minimum number of individuals used being 20. G. bulloides specimens were selected from the 250-315 mm size fraction and N. pachyderma sinistral from the 150-250 mm size fraction. These narrow size fractions minimize variability in stable isotope and Mg/Ca measurements that may arise from varying chamber numbers/test size [Spero and Lea, 1996] and restricts the likely habitat depth interval within which the specimens calcified [Kroon and Darling, 1995] . Average test weights were monitored using a high-precision top pan balance in order to identify any changes in test wall thickness down core, which may be indicative of carbonate dissolution. Specimens were then crushed between glass slides to break open the chambers to release possible sediment infill, shell fragments were homogenized and aliquots taken for paired Mg/Ca and stable isotope analyses.
[9] For stable isotope analysis, 50% of the sample was immersed in 3% hydrogen peroxide for 30 min and ultra- PECK ET AL.: NE ATLANTIC PALEOTHERMOMETRY
[10] The sample aliquot for Mg/Ca analysis was cleaned following Barker et al. [2003] . Samples were diluted in 0.075 mol HNO 3 to a fixed Ca concentration of 100 ppm where possible, with all samples containing >40 ppm. Analyses were carried out on a Varian Vista ICP-AES. Intensity ratios were calibrated against elemental ratios following de Villiers et al. [2002] to eliminate Ca matrix effect. Analytical precision determined from replicate runs of a standard solution of Mg/Ca = 5.130 (60 ppm Ca) and Mg/Ca = 1.289 (100 ppm Ca) was 0.4% (1s). Sample reproducibility is <4% as determined from duplicated sample runs.
Mg/Ca Paleothermometery
[11] Foraminiferal Mg/Ca is a viable temperature proxy but there are several potential complications that need to be considered.
Clay Contamination
[12] The possibility of clay contamination elevating the Mg/Ca ratio [Barker et al., 2003] has been eliminated by discarding samples from the record that contain traceable Al concentrations (>5 ppb in samples where Ca is >80 ppm). 39 measurements (26 or 7% of G. bulloides, and 13 or 4% of N. pachyderma sinistral) yielding Al concentrations above detection level were discarded from a total of 706 measurements.
Contamination From Dolomitic Carbonate and/or Volcanic IRD
[13] Mg contamination from the discrete dolomitic carbonate-rich horizons deposited during H events (or volcanic debris in the case of H3) would presumably affect the Mg/Ca both species similarly such that simultaneous increases in Mg/Ca of both G. bulloides and N. pachyderma sinistral associated with these events would be diagnostic of this contamination. However, dissimilar, even antiphased, trends in Mg/Ca records of the two species are observed across each event discrediting IRD as a source of Mg contamination.
Salinity Changes
[14] Laboratory cultures suggest that salinity changes in ambient seawater influences foraminiferal Mg uptake, Mg/Ca of foraminiferal calcite decreasing with reducing salinity [Nürnberg et al., 1996; Lea et al., 1999] . Assuming a stable depth habitat, reduced salinity in the course of the H event meltwater surges would therefore cause an underestimation of temperatures derived from G. bulloides living with the halocline. Mg/Ca G. bulloides maintains ambient to elevated Mg/Ca ratios across H meltwater events suggesting that temperature, not salinity, is the dominant control on Mg/Ca in these circumstances.
Dissolution
[15] Dissolution of foraminiferal calcite reduces Mg/Ca, leading to an underestimation of calcification temperature [Rosenthal et al., 2000] . The site of MD01-2461 at 1153 m water depth was well above the lysocline throughout the last glacial cycle. All tests used for analysis were well preserved. The average test weights were G. bulloides and N. pachyerma sinistral were 15.0 ± 1.7 (n = 46) and 9.8 ± 1.2 (n = 45) mg respectively. The limited range of variability ($12%) supports good preservation [Barker and Elderfield, 2002] .
[16] Taking these considerations into account we feel it unlikely that secondary effects exerted measurable control on the Mg/Ca records and hence are convinced the records provide reliable indications of SST variability.
Mg/Ca Temperature Calibrations
[17] To date, the few Mg/Ca T calibrations that have been established for SST < 10°C [Barker and Elderfield, 2002] are restricted to the region within which the calibration was determined, producing unfeasible temperature estimates outside the calibration area [e.g., Kandiano et al., 2004] . The calibrations used in this study [Peck et al., 2006] fall at the cooler and warmer extremes of the calibration spectra for G. bulloides and N. pachyderma sinistral respectively (Figure 2 ). They were determined via core top calibration of G. bulloides assuming Mg/Ca temperature sensitivity of 10%°C
À1 [Peck et al., 2006] and for N. pachyderma sinistral using the assumption that similar calcification temperatures are recorded by both species at the LGM (20 -19 ka BP; Figure 2 ), when both species display virtually identical d
18 O values, and the same Mg/Ca temperature sensitivity of 10%°C
À1 . Applying the Southern temperature calibration of Mashiotta et al.
[1999] to our Mg/Ca record of G. bulloides yields glacial SST estimates that are up to 13°C higher than faunal based SST estimates, consistent with similar observations of Kandiano et al. [2004] . Cooler temperatures derived from our calibration likely reflect the fact that in this study core top samples are calibrated to temperatures at 30 m water depth, the mean calcification depth of G. bulloides. Support for the G. bulloides Mg/Ca temperature calibration presented by Peck et al. [2006] is the marginally cooler calibration ($0.57°C offset) of Barker and Elderfield [2002] derived from a North Atlantic core top at $60°N, reinforcing the suggestion that significantly different Mg/Ca temperature relationships exist between North and South Atlantic for G. bulloides (although a Mg/Ca temperature sensitivity of 10%°C À1 is persistent).
[18] At present, N. pachyderma sinistral is restricted in the North Atlantic to latitudes north of $60°N [Pflaumann et al., 1996] , preventing core top validation of the Mg/Ca temperature relation of this species at site MD01-2461. The relatively warm glacial temperatures predicted from the Peck et al. [2006] calibration for N. pachyderma sinistral exhibiting +2.9°C and +0.8°C average offset compared to Norwegian Sea and Southern Ocean core top-derived calibrations respectively [Nürnberg et al., 1996] , may also reflect regional/latitudinal variability in calibrations, perhaps relating to genotype variability [Darling et al., 2000; Kucera and Darling, 2002] . Using the previously published Mg/Ca temperature calibrations and combining them with paired foraminiferal d
18
O at MD01-2461 results in temperature and salinity that do not fulfill the requirement of neutral or stable upper ocean stratification [Peck et al., 2006] . Such considerations further highlight the necessity of species and region specific calibration.
Faunal Counts
[19] The relative abundance of the polar species N. pachyderma sinistral is a paleoindicator of polar waters [Bé, 1977; Reynolds and Thunell, 1985; Johannessen et al., 1994; Pflaumann et al., 1996 Pflaumann et al., , 2003 . In waters of summer SST < 8°C, this species dominates the planktonic foraminiferal assemblage [Pflaumann et al., 1996] such that TFT SST estimates are significantly determined by the relative abundance of N. pachyderma sinistral within this region [Kandiano and Bauch, 2003] .
[20] A minimum of 300 planktonic foraminiferal shells were counted from sample splits >150 mm [CLIMAP Project Members, 1976 , 1984 (standard size fraction) to determine N. pachyderma sinistral %. Reproducibility is ±5% of absolute values. O of surface-and subsurfacedwelling foraminifera serves as an indication of upper water column stratification [Hillaire-Marcel and Bilodeau, 2000; Simstich et al., 2003] . Today, at the location of MD01-2461, summer temperatures within the depth habitat range of G. bulloides are $3°C warmer than in the depth range of N. pachyderma sinistral [Levitus, 1998 ]. Comparison of calculated d
18
O of equilibrium calcite (Figure 3 ; calculated using the paleotemperature equation of Shackleton [1974] and the modern North Atlantic d w -salinity relationship, d w = S Â 0.61 -21.3 [Craig and Gordon, 1965] ) with core top d
18 O G. bulloides from MD01-2461 suggests a summer bloom season ($July). This timing assumes no vital effects on G. bulloides d
18 O [Peck et al., 2006] , however, previous North Atlantic core top studies have identified a 1°C offset between modern summer SST and isotopic temperatures derived from G. bulloides [Duplessy et al., 1991] . Correcting for such a vital effect in our record would increase inferred summer SST, perhaps indicating a later bloom period (e.g., August). The absence of N. pachyderma sinistral within the MD01-2461 core top precludes similar assessment of growth season and/or vital effect offset from equilibrium calcite. Deglacial records ($11 ka BP) allow the most recent direct comparison between the two species. The d 18 O offset between the two species at this time suggests a higher gradient between the two habitat depths compared to today, which was overall cooler (by $1°C as suggested by Mg/Ca G. bulloides ) and more saline. At the LGM (19 -20 ka BP), the d 18 O records of the two species converge suggesting an absence of a well-developed seasonal thermocline and enhanced vertical mixing of the upper water column throughout the year. Millennial-scale events are also clearly identified within the d 18 O records, with amplitudes of 18 O profiles exceeding 3 % at H2 (Figure 2e ), suggesting significant freshening and/or warming of the surface layer while subsurface waters became cooler and/or more saline.
[22] Some millennial-scale anomalies are not recorded in parallel in the d
O or Mg/Ca proxy records from the same species (e.g., Figure 2 , at 22-21 ka BP, G. bulloides and at 18.8 ka BP, both species), reflecting the salinity component of the d
18 O record.
[23] Temperatures derived from Mg/Ca G. bulloides suggest variation of summer SST (at 30 m water depth) within the range between 7 and 14°C, with occasional brief excursions beyond these limits, compared with modern summer SST (at 30 m) of 14°C [Levitus, 1998] (Figure 4b ). Broad summer SST trends derived from G. bulloides are largely reproduced in mean annual subsurface temperatures ($150 m water depth), as determined from Mg/Ca N. pachyderma sinistral , within the range 7 -11°C, again with occasional brief excursions beyond these limits (Figure 4b ). Additionally, down core offsets in the summer SST and mean annual subsurface records of G. bulloides and N. pachyderma sinistral respectively (DT; Figure 4e ) plausibly indicate variation in the seasonal thermocline intensity in conjunction with orbitally paced changes in insolation, as is suggested by the visual correlation between DT and 21 June insolation at 65°N lagged by 2 ka (Figure 4d ).
Mg/Ca and Faunal Indicator Records
[24] Using the N. pachyderma sinistral % summer SST calibration of Pflaumann et al. [1996] , absolute values of last glacial to deglacial summer SSTs are derived from the N. pachyderma sinistral % record. Comparison with the summer SST record derived from Mg/Ca G. bulloides (Figure 5a ) reveals temporal inconsistencies in temperature trends [Laskar, 1990] . (d) DT (summer subsurface temperature (SST),°C). A 6th-order polynomial fit is shown in red. Modern DT and DT = 0 shown with dashed lines. between these two approaches while the absolute temperature range predicted by each proxy is similar. Consistent with the structure of the N. pachyderma sinistral % record the derived SST profile displays high-frequency variability at higher amplitudes than is seen in the Mg/Ca G. bulloides derived SST profile (Figures 5a and 5b) . The correlation coefficient (r) between N. pachyderma sinistral % and Mg/Ca G. bulloides temperatures is 0.12, although it should be noted that r = 0.37 in the period 28-8 ka BP. Perhaps unsurprisingly, a closer correlation is observed between the N. pachyderma sinistral %-derived temperatures and Mg/Ca N. pachyderma sinistral records with a correlation coefficient of 0.35. Rescaling of the N. pachyderma sinistral % temperature calibration to the Mg/Ca N. pachyderma sinistralderived subsurface temperatures (subsurface temperature = 11-0.048 Â N. pachyderma sinistral %) illustrates the correlation of the two profiles particularly well especially during the period 28-8 ka BP when r = 0.45 (Figure 5c ).
Upper Ocean Conditions 55 -26.5 ka BP
[25] Prior to $35 ka BP, summer SST inferred from the Mg/Ca G. bulloides record, average 11.7 ± 1.2°C with several intervals approaching or exceeding modern summer SST ($14°C [Levitus, 1998 ]) (Figure 4b ). Within this period, Mg/Ca G. bulloides -derived temperatures are on average 1.7°C warmer than Mg/Ca N. pachyderma sinistral temperatures, concurrent with an average interspecies d
18
O offset of 0.7 % (Figure 2e ). These data suggest the development of a seasonal thermocline at this site weaker than that which develops today, perhaps reflecting reduced solar insolation at this time (Figure 4d) . Prominent % N. pachyderma sinistral maxima during H5 and H4 signify maximum cooling that is not replicated in the Mg/Ca records.
[26] Approaching H3, $31.5 ka BP, surface ocean conditions deteriorate with Mg/Ca G. bulloides summer SST decreasing to LGM values, $8.6°C, associated with the apparent breakdown of the seasonal thermocline suggested by DT falling to 0°C (Figure 4d ). 
LGM to Deglacial Conditions and the British Ice Sheet
[27] Expansion of the proximal British Ice Sheet (BIS) and establishment of extensive marine ice margins is likely to account for a stepped increase in IRD flux to the core site at 26.5 ka BP (Figure 2h ) [Peck et al., 2006] concurrent with widespread Northern Hemisphere glacial advance [Hemming and Hajdas, 2003] . These enhanced glacial conditions are associated with converging upper ocean temperature estimates and d
18 O from G. bulloides and N. pachyderma sinistral suggesting a year-round, wellmixed upper water column throughout much of the LGM. This apparent lack of seasonality may reflect minimal insolation at this time. Surface and subsurface temperatures fluctuate within the range 6-10°C during this period, up until $17.5 ka BP when IRD deposition decreases. The upper ocean temperature estimates predicted by all three proxies appear surprisingly high considering the proximity of our core site to the BIS that reached its maximum extent at $22 ka BP [Bowen et al., 2002] . Mean annual atmospheric temperatures of $5°C today define the climatic limit of ice sheet existence [Vaughan and Doake, 1996] . Mg/Ca G. bulloides -derived SST at MD01-2461 of 6 -10°C exceed this threshold temperature significantly suggesting LGM climatic conditions were not conducive to BIS stability. This is supported by the elevated IRD flux to the core site during the LGM (Figure 2g ) and may indeed reflect a metastable character of the BIS at this time, in which warm surface waters ensured a constant moisture source and surface ice accumulation and caused ablation of the marine ice margin.
[28] Following H1, Mg/Ca-derived temperatures increase and d
18
O values decrease while N. pachyderma sinistral % suggests LGM temperatures for a further $2 ka before warming and converging with the geochemical proxies over the interval 13 -14.5 ka BP, the Bölling-Allerød. The Younger Dryas ($12 ka BP) is clearly recorded by elevated N. pachyderma sinistral % over a $1 ka interval, yet no significant cooling signal is apparent in either the Mg/Ca or d
O records (Figure 2 ). This divergence of proxies corresponds to a period of increasing insolation and the rapid development of a seasonal thermocline, DT increases from <1°C to >3°C across the Younger Dryas. Following the Younger Dryas, summer SST (Mg/Ca G. bulloides ) approaches modern (core top) values and N. pachyderma sinistral % tends to zero as temperatures exceed the optimal temperature range of this species [Duplessy et al., 1991] . The youngest Mg/Ca values, $8 ka BP, are indicative of a seasonal stratification comparable to today with DT approaching modern values (3°C).
Millennial-Scale Events
[29] Increased IRD flux and N. pachyderma sinistral dominance (>75%) of the planktonic assemblage document typical Heinrich conditions, i.e., enhanced iceberg melting and maximum sea surface cooling at MD01-2461 (Figures 2a,  2g , and 2h). Discrete minima in Mg/Ca N. pachyderma sinistral are associated with H 3, 2 and 1 and are consistent with N. pachyderma sinistral % maxima during these events. However, H events do not stand out as prominent cooling events within the Mg/Ca G. bulloides summer SST record. With the exception of H5, ambient or even elevated Mg/Ca G. bulloides values are observed across each H event, the latter particularly well developed at H1. Divergence of the Mg/Ca G. bulloides from both N. pachyderma sinistral % and Mg/Ca N. pachyderma sinistral at H1 and H3 is unexpected, the latter proxies suggesting reduced mean annual temperatures while Mg/Ca G. bulloides suggests ambient and even warmer summer SST. Given that the apparent calcification temperature of G. bulloides is well within the optimal temperature range of this species during H1, the low abundance of G. bulloides coincident with the exceptionally warm summer SST derived from Mg/Ca G. bulloides is a paradox. If the longer-term divergence of the paired proxy records prior to H3 indicates enhanced seasonality, could a similar scenario apply to the H1 meltwater surges? Summer SST < 8°C that is implied by a N. pachyderma sinistral abundance of >75% in the planktonic foraminifera assemblage suggests conditions outside the optimum environment for G. bulloides during the H events. While these surface ocean conditions were likely representative of the majority of years within a given sample interval, accounting for the dominance of polar species N. pachyderma sinistral within the planktonic assemblage, summer SST > 10°C recorded in Mg/Ca G. bulloides is robust and cannot be ignored. These elevated summer SST may represent a small percentage of mild summers, perhaps even exceptionally warm in the case of H1. Additionally, meltwater events have the potential to enhance seasonality of the upper water column by virtue of a strong, shallow halocline that suppresses vertical exchange with cold subsurface waters and enhances the residence time of surface waters with in the sunlit zone. Upper ocean stratification at MD01-2461 during H1 and H2 contrasts with concurrent intensification of vertical mixing documented in the open North Atlantic on the margins of the IRD belt reflecting stormier conditions in the North Atlantic region during H events [Rashid and Boyle, 2007] .
[30] Meltwater stratification of the upper water column at MD01-2461 is again evident between 21.6 and 21.0 ka BP where paired d 18 O diverge by >1.5 %, coincident with IRD event LGM2 (Figure 2e) . Unlike stratification at H1 however, Mg/Ca G. bulloides records some of the coldest summer SSTs of the entire record. N. pachyderma sinistral % (<60%) suggest ambient glacial SSTs. Occasional negative DT values, of up to À2°C (Figure 4d ), suggest inversion of the thermocline coincident with enhanced IRD flux and insolation minima, perhaps similar to the cold halocline layer of the Arctic Ocean [Björk et al., 2002] . The relatively cold SSTs associated with BIS ice calving at this time are consistent with glacier advance during LGM cooling [Bowen et al., 2002] . Comparison of Mg/Ca G. bulloides records during this BIS ice-rafting event with records spanning meltwater events associated with H events 1 and 2 suggests that ocean-climate conditions connected with collapse of the LIS were different, apparently milder, if not warm, during the summer months.
[31] Very few glacial Mg/Ca SST records have yet been produced in the temperate North Atlantic, most paleo-SST records in the region are derived from faunal census counts. Warm summer SSTs during some H events have not been recorded in the N. pachyderma sinistral record presented here, presumably because faunal census records do not capture this warming but rather display peak maxima of cold faunal components such as N. pachyderma sinistral The warming recorded, including exceptionally warm SSTs at H1, may represent just a small percentage of years within a given time interval, the resolution provided by faunal diversity reconstructions prohibiting identification of such anomalous years. If confirmed, mild summer SST, perhaps even at increased levels as suggested from Mg/Ca G. bulloides SST records of MD01-2461, may provide support for climatically forced catastrophic disintegration of ice shelves fringing the LIS, and other circum -North Atlantic ice sheets, initiating H events [Hulbe et al., 2004] .
[32] Alternatively, transient advections of subtropical surface waters coincident with H events, perhaps driven by the variable strength of a poleward flowing shelf edge current along the European margin [Kenyon, 1987] or zonality of low-latitude forcing winds [McIntyre and Molfino, 1996] , may have carried warm surface waters to the site of MD01-2461, depositing G. bulloides carrying anomalously warm Mg/Ca signatures, yet not enough specimens to have influenced the planktonic assemblage record.
Summary and Conclusions
[33] In this study, we suggest that Mg/Ca N. pachyderma sinistral and N. pachyderma sinistral % are reliable recorders of mean annual conditions. Mg/Ca N. pachyderma sinistral recording mean annual temperatures at $150 m water depth, while N. pachyderma sinistral % appears to record mean annual upper ocean temperatures [cf. Morey et al., 2005] , rather than summer SST [Pflaumann et al., 1996] . Mg/Ca G. bulloides records summer SST.
[34]
LGM upper ocean temperatures at MD01-2461 are determined to have been in the range 6 -10°C. The proximity of the site to the BIS leads us to propose a metastable character of the BIS at this time, in which warm surface waters ensured a constant moisture source and surface ice accumulation while simultaneously ablating the marine ice margin.
[35] During the last glacial the strength of the seasonal thermocline, determined by DT of surface and subsurface waters, is shown to have lagged solar insolation by $2 ka. The seasonal thermocline began to weaken as insolation decreased from $35 ka BP, and failed to develop with the expansion of the BIS at $26.5 ka BP and throughout much of the LGM, until H1 when insolation increased again. All three temperature proxies predict similar paleotemperatures during episodes of year-round mixing of the upper water column, yet quite different conditions when orbital parameters (prior to H3 and the deglacial) or meltwater stratification promote seasonal variability. High-resolution Mg/Ca G. bulloides SST records appear to have captured evidence for mild summers, even warming, concurrent with H events, heavily documented in faunal assemblage SST records as representing the coldest intervals of the last glacial. Meltwater stratification and thermal isolation of the surface layer may have accommodated warming of surface waters during a few anomalously warm summers. During the majority of years, however, cool conditions prevailed as recorded in faunal diversity and subsurface temperatures records provided by Mg/Ca N. pachyderma sinistral .
